Abstract: Binary thermodynamic data, successfully used for phase diagram calculations of the binary systems In-Sb, Pb-Sb and In-Pb, were used for the prediction of the phase equilibria in the ternary In-Sb-Pb system. The predicted equilibrium phase diagram of the vertical Pb-InSb section was compared with the results of differential thermal analysis (DTA) and optical microscopy. The calculated phase diagram of the isothermal section at 300 °C was compared with the experimentally (SEM, EDX) determined composition of phases in the chosen alloys after annealing. Very good agreement between the binary-based thermodynamic prediction and the experimental data was found in all cases. The calculated liquidus projection of the ternary In-Sb-Pb system is also presented.
INTRODUCTION
Knowledge of phase equilibria in ternary systems of the corresponding metals with elements of III-V compound semiconductors is an important step towards a better understanding of contact formation and presents a basis for the development of new and improved contact materials.
In previous studies related to phase equilibria in ternary systems with III-V compounds, the phase equilibria in Ga-Sb-Pb and In-Sb-Bi ternary systems were investigated, 1,2 using experimental techniques (SEM-EDX and DTA) and the analytical CALPHAD approach. However, thermodynamic modeling of the ternary In-Sb-Pb system still has not been presented in the literature.
The aim of this study was to calculate phase equilibria of the In-Sb-Pb system according to the CALPHAD method 3−5 and to compare the obtained results with experimentally based results from this work and the literature. 
THERMODYNAMIC MODELING

Pure elements
The pure solid elements at 298.15 K and 1.0 bar in their stable form were chosen as the reference state for the systems (SER). Version 4.4 of the SGTE unary database (scientific group thermodata Europe) of the phase stabilities for stable and metastable states of the pure elements was used. 6 
Binary systems
The thermodynamic descriptions of the binary alloys, i.e., the In-Sb system, 7 the Pb-Sb system 8 and the In-Pb system, 9 were taken from the literature.
Liquid and solid solution phases
The molar Gibbs energies of liquid and solid solution phases, referred to the enthalpies of the pure elements in their stable state at 298. 
where G ϕ,xs represents the excess Gibbs energy of a ternary solution expressed by the Redlich-Kister-Muggianu expression:
is the temperature-dependent binary parameter optimized on the basis of the available thermodynamic and phase diagram data, and i, j are the elements of the system.
The term
L
is a ternary interaction parameter, which is expressed as:
The terms
L , , which can be temperature-dependent, are expressed by:
InSb stoichiometric compound
The InSb phase is a stoichiometric compound. The Gibbs energy of the compound, i.e., X m Y n , is generally described as: 
The Pb-In-Sb ternary system
There are only three references concerning the thermodynamic properties and phase equilibria of alloys of the Pb-In-Sb ternary system.
Predel and Gerdes 10 determined the enthalpy changes of mixing molten InSb with liquid lead at 883 K using a high temperature calorimeter. The results were discussed with the aid of the regular solution model and also under the assumption of the existence of InSb associates in the ternary melt.
Geis and Peretti 11 experimentally investigated lead-rich and antimony-rich regions of the Pb-In-Sb ternary system and gave a partial liquidus projection for the concentration range InSb-Pb-Sb. Minić et al. 12 researched the thermodynamic properties of some alloys in the Pb-In-Sb ternary system using an Oelsen calorimetry and general solution model calculations.
EXPERIMENTAL
Alloys of the In-Sb-Pb system were prepared from the pure metals (99.99 %) by melting weighed amounts of indium, antimony and lead under an argon atmosphere.
After melting, alloys were subjected to a homogenizing annealing in evacuated glass capsules. The samples were annealed at 300 °C for 100 h. After annealing, the samples to be used for DTA measurements were cooled inside the furnace to the room temperature, while the samples for SEM-EDX investigation were quenched into ice water from 300 °C.
DTA Measurements were performed with a Derivatograph 1500 (MOM Budapest) apparatus under the following conditions: air atmosphere, heating rate 10 °C min -1 . The total mass of each sample was approximately 2 g. The precision of the measurement in the investigated temperature interval was ±2 °C.
The equilibrium compositions in the quenched samples were determined using a JEOL scanning electron microscope with an accelerating voltage of 20 kV and an EDX analyzer.
Optical microscopy was performed using a Reichert MeF2 microscope.
RESULTS AND DISCUSSION
The values of the integral molar Gibbs excess energies, E ij G , for the constitutive binary systems In-Sb, Pb-Sb and In-Pb, taken from Ansara et al. 7 , Ohtani and Ishida 8 and Bolcavage et al., 9 respectively, were used as the starting binary thermodynamic data for the calculation. All these data, given in Table I , are included in the COST 531 binary database. 13 Gibbs energy of the intermediate InSb phase was optimized by Ansara et al. Calculation of the characteristic phase diagrams of the In-Sb-Pb system was performed using Thermo-Calc software (TC4A version). In order to experimentally verify the calculated phase diagram of the InSb-Pb section, alloys with 20, 40, 60, 80 and 90 at. % of lead were studied in this work by means of DTA and optical microscopy.
The results of the DTA measurements are given in Table II , together with the interpretation of the various thermal effects. To test the reproducibility of the results, every measurement was repeated one more time. No significant temperature deviation was found between the first series and the repeated series of DTA measurements. The phase diagram calculated from the DTA results obtained in this study is shown in Fig. 1 .
The differential thermal analysis curves well confirmed the predicted lines of the investigated polythermal InSb-Pb section.
The predicted and experimentally determined eutectic temperatures are in excellent agreement (both at 297 °C) and with a very close eutectic concentration: 89 at.% Pb (calculated) and 90 at.% Pb (experimentally obtained). The liquidus temperatures obtained by DTA are little underestimated in comparison with the thermodynamic predicted ones. A characteristic microphotograph recorded by optical microscopy for the samples with 40 at. % Pb is given in Fig. 2 . The results of SEM analysis are given in Table III and in Fig. 3a . The agreement between the predicted phases and the experimentally determined ones of samples 1 and 2 is perfect.
The calculated phase diagrams of the isothermal sections at 300 and 350 °C are shown in Fig. 3 .
The predicted isothermal section of the In-Sb-Pb ternary system at 350 °C includes one three-phase region (InSb + rhombo + liquid), three two-phase regions (InSb + rhombo, InSb + liquid and rhombo + liquid) and one single-phase region (liquid). At 300 °C, the In-Sb-Pb phase diagram includes three three-phase regions (one InSb + rhombo + liquid region and two InSb + FCC + liquid regions), seven two-phase regions (two InSb + liquid regions, two liquid + FCC regions, one InSb + FCC region, one rhombo + liquid region and one InSb + rhombo region) and three single-phase regions (two liquid regions and one FCC region). Fig. 3 . Predicted phase diagrams of isothermal sections in the ternary In-Sb-Pb system. a) at 300 °C with EDX results: empty symbols -overall composition, full symbols --compositions of the phases (see Table III ) b) at 350 °C.
The liquidus projection of the investigated In-Sb-Pb ternary system was constructed based on the results of thermodynamic prediction. The obtained diagram is shown in Fig. 4 . The binary-based thermodynamic prediction of the characteristic phase diagrams in the In-Sb-Pb system was successfully performed using optimized thermodynamic parameters for the constitutive binary systems from the literature. The estimated phase diagram of the Pb-InSb vertical section shows very good agreement with the experimental results from this work and the literature data of Geis and Peretti. 11 The predicted phase diagram of isothermal section at 300 °C is in excellent agreement with the results of SEM-EDX analysis from this work. The calculated phase diagrams of isothermal sections at different temperatures were used for the construction of a liquidus projection of the investigated In-Sb-Pb ternary system. According to the results presented in this study, it could be concluded that the thermodynamic ternary parameters have a negligible influence on the equilibria of this ternary system.
